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Summary
Objective: Alterations in the sulfation pattern of chondroitin sulfate (CS) chains of proteoglycans have been associated with aging and degen-
eration of articular cartilage. The purpose of the present study was to investigate systematically the effect of load amplitudes, frequencies and
load durations of intermittently applied mechanical pressure on the sulfation of CS chains of cultured bovine articular cartilage explants.
Methods: Using a sinusoidal waveform of 0.5 Hz frequency, cyclic compressive pressure of 0.1e1.0 MPa was applied for 10 s followed by
a period of unloading lasting 10e1000 s. These intermittent loading protocols were repeated for a total duration of 1e6 days. Newly synthe-
sized as well as endogenous CS chains were isolated, depolymerized and subsequently quantitated after fractionation by high-performance
anion-exchange chromatography.
Results: Increasing the mechanical demands on cartilage explants by elevating either the duration or the frequency of loading can signiﬁcantly
alter the ﬁne structure of newly synthesized CS in that less chains terminate on galNAc4,6S and, in that simultaneously the ratio of the internal
disaccharides DDi6S to DDi4S is increased. Similar results were obtained with explants being slightly mechanically challenged by low mag-
nitudes of loads.
Conclusion: Our data show for the ﬁrst time that intermittent loading of articular cartilage explants can signiﬁcantly alter the sulfation pattern of
the terminal CS residues as well as of the internal disaccharides. Furthermore, our results indicate that explants possess a physiological
window of stress in which they are able to produce also a normal extracellular matrix.
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Cartilage
Repair
SocietyIntroduction
The biomechanical properties of articular cartilage are re-
lated to the biochemical components and their specialized
organization within the extracellular matrix. Proteoglycans
(PGs) are together with the collagens the main solid compo-
nents of articular cartilage1,2. The major PG in cartilage is
aggrecan which has a molecular weight of 50e500 million
Da. The aggrecan aggregate is composed of a central hya-
luronic acid chain to which are attached up to 200 side
branches called aggrecan monomers. Each monomer con-
sists of a core protein to which are attached the polysaccha-
ride side chains chondroitin sulfate (CS) and keratan
sulfate. These polysulfated carbohydrate side chains give
cartilage its hydrophilic nature and the osmotic pressure
necessary to resist compressive loads1e5.
The glycosaminoglycan (GAG) CS consists of repeating
disaccharide units containing glucuronic acid (glcUA) and
b1,3N-acetylgalactosamine (galNAc)3e5. During the biosyn-
thesis of CS in the Golgi, a number of sulfotransferases
modify the disaccharide subunits through transfer of sulfate
groups to speciﬁc positions on the sugar moieties, which
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Received 1 November 2006; revision accepted 1 May 2007.1are predominantly either the 4 or 6 position of galNAc.
Less than 10% of disaccharides are non-sulfated and,
more rarely, there are di- or trisulfated disaccharides.
Over 90% of CS chains on aggrecan from human articular
cartilage terminate with a 4-monosulfated or 4,6-disulfated
galNAc residue, and the remainder with a glcUA residue
linked to the preterminal galNAc4 or 6S. CS chains are co-
valently attached to the core protein as it passes through
the vesicular compartments of the medial/trans Golgi, im-
mediately prior to secretion. Several studies reported
age3,6e12 and osteoarthritis (OA)4,10,12e26 related changes
in size, synthesis and sulfation pattern of CS, respectively,
aggrecan.
A key feature in the OA process is the loss of PGs from
cartilage. However, studies using animal models of OA
showed that articular cartilage during the initial degenera-
tive process, before any ﬁbrillation occurs, is hypermeta-
bolic with an increased synthesis and turnover of
extracellular matrix components2. An elevated aggrecan
synthesis and transiently elongated CS chains containing
more epitopes as recognized by speciﬁc antibodies were
found2, which were interpreted as a repair response. Also,
the sulfation pattern of CS synthesized during the early
phases of OA is altered both in humans and experimental
OA including an increased 4-sulfation of chain internal di-
saccharides, less CS chains terminating on a 4,6-disulfated
residue, and a concomitantly increased level of the 4-
sulfated CS terminal galNAc4S4,10,13,24. These ﬁne struc-
tural changes are thought to be brought about by regulated403
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ferase enzymes that constitute the intracellular biosynthetic
pathways for CS substitution of the aggrecan core protein.
The biological reason for these changes as well as their
functional consequences has still to be elucidated, but it
may be suggested that they are expressed to suit different
biological functions2, e.g., by affecting signaling pathways27
during tissue repair or by modulating binding behavior of nu-
trients, growth factors and cytokines within the extracellular
matrix thereby inﬂuencing the differentiation, migration and
matrix production of chondrocytes3.
Of particular interest for this study was the ﬁnding that in-
dividual steps of the intracellular CS biosynthetic path-
ways26 can not only be modulated by growth factors28e30,
cytokines28,31,32, and the physiochemical environment (pH
and ionic strength) of the biosynthetically active chondro-
cyte33,34 but also by mechanically applied loads35. We pre-
viously reported35 that variations in the frequency of
intermittently applied mechanical loads can induce structural
changes in newly synthesized PGs and thus alter the quality
of PGs, which may have a major impact on physiochemical
and biological properties of the extracellular matrix. Our
quantitative data show that intermittent loading for 6 days
can induce a decreased level of 4,6-disulfated terminal gal-
NAc as well as the synthesis of elongated CS chains.
One of our long-term objectives has been the identiﬁca-
tion of loading parameters able to induce mechanically
OA-like alterations in initially healthy cartilage explants.
Based on our previous ﬁnding that the frequency of intermit-
tent loading is an important mechanical parameter inﬂuenc-
ing the sulfation pattern of CS35, our main hypothesis in this
investigation was that also the amplitude of mechanical
loads as well as the duration of loading play an intrinsic
role in the homeostatic control of the sulfation pattern of
CS that is important in normal physiology, cartilage degen-
eration, and tissue engineering. This hypothesis was tested
in the present study by systematically investigating the ef-
fect of load amplitudes, frequencies and load durations of
intermittently applied mechanical pressure on the ﬁne struc-
ture of CS newly synthesized by articular cartilage explants.
Materials and methods
INTERMITTENT MECHANICAL LOADING OF EXPLANTS
Under sterile conditions, two macroscopically healthy,
full-thickness cartilage explants were removed from the
weight-bearing area of the metacarpophalangeal condyles
of six steers of ages between 18 and 24 months. Articular
cartilage discs (7-mm diameter) were obtained using a
biopsy punch. One explant was loaded whereas the
corresponding explant from the same condyle served as
control. Cartilage explants were washed, placed into the
specimen holders with the articular surface upward, and
cultured in 2.5 ml Ham’s F-12, 2.5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 7.2, containing
30 mg/ml alpha-ketoglutarate, 300 mg/ml glutamine, 50 mg/
ml ascorbate, 1.0 mM Na2SO4, 20 U/ml penicillin, 10 mg/ml
streptomycin, 2.5 mg/ml amphotericin B and 50 mg/ml genta-
mycin, 485 mg/ml CaCl2 2H2O and 1% (v/v) CR-ITSþ
Premix (Collaborative Biomedical Products, Bedford, MD,
USA)35e37. Mechanical loading of cartilage explants was
started on day 0 since we previously found that the PG
synthesis and release as well as the viability of unloaded
bovine articular cartilage explants remain constant over a 10
day culture period as compared to the level at day 037. Themechanical loading device38, designed to load cartilage ex-
plants in vitro over extended time periods, was positioned
into a CO2-incubator for 2 h to allow equilibration with the in-
cubator environment (37C, 5% CO2 and 95% humidity).
Intermittently applied, uniaxial cyclic loading was intro-
duced by using an approximately sinusoidal waveform of
0.5 Hz frequency and a peak stress of 0.1, 0.5 or 1.0 MPa
for a period of 1, 3 or 6 days (Fig. 1). The cyclic loads
were applied for 10 s followed by a period of unloading last-
ing 10, 100 or 1000 s. Explants were loaded perpendicular
to their long axis in radially-unconﬁned compression. During
the period of unloading, the load platen was lifted from the
cartilage surface. The degree of compression of cartilage
explants during loading wasmonitored using a displacement
transducer system as described elsewhere in detail38. De-
pending on the load protocol applied, an increase in carti-
lage compression was recorded which during the ﬁrst 8 h
reached a maximum maintained for the remainder of the ex-
periment (data not shown). Free-swelling control cartilage
discs of the same condyle were kept unloaded in identically
constructed chambers for the same period of time. For ex-
plants being cultured for 6 days, medium was changed on
day 3. Explants were radiolabeled with 50 mCi/ml D-6-[3H]-
glucosamine (Hartmann Analytik GmbH, Braunschweig,
Germany) during the ﬁnal 18 h of the 1-, 3- or 6-day exper-
iments. Tissues were harvested at the end of the radiolab-
eling period, washed three times with geys balanced salt
solution (GBSS) to remove unincorporated radioisotope,
and stored frozen at 20C until further analysis. Each
loading protocol as shown in Fig. 1 was repeated using
one explant from each of six different steers (N¼ 6).
Fig. 1. Schematic illustration of the loading protocols. (A) Explants
were cyclically loaded for 10 s with a peak stress of 0.5 MPa fol-
lowed by a period of unloading lasting 10, 100 or 1000 s. This inter-
mittent loading cycle was repeated for the total duration of
experiments lasting 3 days. (B) Explants were cyclically loaded
for 10 s with a peak stress of 0.1, 0.5 or 1.0 MPa followed by a pe-
riod of unloading lasting 1000 s. This intermittent loading cycle was
repeated for the total duration of experiments lasting 3 days. (C) Ex-
plants were cyclically loaded for 10 s with a peak stress of 0.5 MPa
followed by a period of unloading lasting 1000 s. This intermittent
loading cycle was repeated for the total duration of experiments
lasting 1, 3 or 6 days.
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A high-performance anion-exchange chromatography
system was used for analysis of the sulfation pattern of en-
dogenous and newly synthesized CS, as previously de-
scribed in detail35. Brieﬂy, washed tissue samples were
dried in vacuo using a SpeedVac for 2 h and dry weights
were determined. GAGs were solubilized overnight at
60C with papain and tissue debris were removed by centri-
fugation. GAGs were precipitated from the supernatant after
addition of three volumes of ice-cold ethanol (95%, v/v) con-
taining 5 mM sodium acetate, pelleted by centrifugation,
washed, dried and, subsequently stored frozen at 70C
until further compositional analysis.
Pellets were resuspended in 200 ml of 0.1 M sodium ace-
tate (pH 7.3) and assayed for total S-GAG contents by the
dimethylmethylene blue assay39. Portions (100 mg) were
then digested at 37C for 3 h in 0.1 M sodium acetate (pH
7.3) containing 5 ml each of chondroitinase ABC and chon-
droitinase ACII (both at 10 U/ml; Seikagaku Corp. delivered
by Medac GmbH, Hamburg, Germany). Digestion products,
containing all Ddisaccharides from the chain interior, as well
as the non-reducing terminal mono- and disaccharides,
were collected into the ﬁltrate of prewashed MicroCon
3 ﬁlters (molecular weight cut-off: 3000 Da, Amicon GmbH,
Witten, Germany) and reduced with NaBH4 prior to anion
ion exchange chromatography40e42.
Final products were dissolved in 100 ml of water and
immediately injected into the CarboPac PA1 column
connected with guard column (Dionex GmbH, Idstein,
Germany). Samples were eluted at a ﬂow rate of 1 ml/min
with a step gradient of triﬂuoroacetate using high-
performance anion-exchange chromatography together
with a pulsed amperometric detection (HPAE-PAD) system
(model DX 500; Dionex GmbH, Idstein, Germany). Eluant
was monitored by a PAD (ED 40; PAD-electrode) module
for quantifying the non-radiolabeled, internal disaccharides
DDi0S, DDi4S and DDi6S, derived from digestion of the en-
dogenous CS chains. For quantifying newly synthesized
[3H]-labeled mono- and disaccharides, eluant was collected
into 1 ml fractions before it was assayed for radioactivity by
liquid scintillation counting.
STATISTICAL ANALYSIS
Figure 1 summarizes the loading protocols applied; each
loading protocol was repeated ﬁve times using condyles
from six different steers (N¼ 6). The data obtained from
loaded explants were normalized by values from unloaded
controls. Data were analyzed by a two-tailed paired t test
to determine statistical signiﬁcance. In addition, the correla-
tion between parameters being changed in each of the in-
termittent loading protocols applied such as the amount of
pressure, time of intermittence, or the duration of experi-
ments and the data obtained were analyzed using the Pear-
son’s correlation analysis. P values less than 0.05 were
considered signiﬁcant.
Results
LONG-TERM CULTURE OF UNLOADED CARTILAGE EXPLANTS
The compositional analysis of CS chains being newly syn-
thesized by unloaded explants cultured for 1e6 days re-
vealed that the culture period has an effect neither on the
internal sulfation pattern (Fig. 2) nor on the proportion of
CS chain termini (Table I). The presence of glcUA adjacentto a 6-sulfated galNAc could not be detected in any of the
samples. The HPAE-PAD assessment of the internal sulfa-
tion pattern of endogenous CS chains showed a percent
composition (DDi0S:DDi4S:DDi6S) for explants being cul-
tured for 1 day of 13.3 2.3%:45.2 4.9%:41.5 3.6%, for
3 days of 12.4 3.4%:44.7 3.9%:42.9 2.3%, and for 6
days of 13.7 2.9%:44.1 6.9%:42.3 4.0%. Thus, the sul-
fation pattern of internal disaccharides being newly synthe-
sized by unloaded explants is similar to those of the
endogenous CS chains and are, furthermore, not altered dur-
ing the entire culture period of up to 6 days. The average
length of newly synthesized CS chains (i.e., number of
disaccharide repeats per chain) was calculated from the
ratio of the sum of all radiolabeled non-reducing terminal
mono- and disaccharides as described elsewhere8,35; no sig-
niﬁcant elongation or shortening of CS chains was found dur-
ing the entire culture period (data not shown).
EFFECT OF LOADING ON THE FINE STRUCTURE OF
NEWLY SYNTHESIZED CS CHAINS
Figure 3 demonstrates that the duration of the load-free
period signiﬁcantly altered the sulfation pattern of internal
disaccharides as well as the proportion of the galNAc4,6S
termini. Reducing the length of unloading from 1000 to
10 s thereby increasing the intensity of loading resulted in
a signiﬁcantly increased amount of 6-sulfated disaccharides
Fig. 2. Percentage of newly synthesized internal disaccharides of
unloaded articular cartilage explants cultured for up to 6 days in
serum-free and supplemented Ham’s F-12 media. [3H]-glcNH2-
labeledCSproducedduring the ﬁnal 18 h of the 1-, 3- or 6-day culture
period was digested with chondroitin lyases, and the products
were separated by high-performance anion-exchange chroma-
tography and subsequently quantiﬁed by liquid scintillation
counting. Data represent the mean valuesS.D. (N¼ 6).
Table I
Proportion of CS chain termini newly synthesized by unloaded
cartilage explants cultured for 1e6 days
1 Day 3 Days 6 Days
% galNAc 11.8 1.9 10.1 3.3 9.9 3.9
% galNAc4S 63.6 8.9 61.5 11.9 66.8 12.7
% galNAc4,6S 13.4 2.9 16.6 5.4 9.3 5.0
% glcUA adjacent
to a non-sulfated galNAc
8.9 11.2 10.2 14.1 13.1 14.5
% glcUA adjacent
to a 4-sulfated galNAc
2.2 6.8 1.5 1.1 1.0 1.1
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galNAc4,6S termini on CS chains that were newly synthesized by loaded cartilage explants; data are expressed as percentage of unloaded
controls (¼100%). Using a 0.5 Hz frequency and a sinusoidal waveform, a pressure of 0.5 MPa was cyclically applied on cartilage discs for
10 s followed by a period of unloading ranging from 10 to 1000 s. Explants were intermittently loaded for 3 days [see also Fig. 1(A)]. Data
shown are mean values S.D. (N ¼ 6). Statistically signiﬁcant differences from unloaded control values are given as follows:
*0.01<P 0.05; **0.001< P 0.01; ***P 0.001.and a decreased level of CS chains terminating on gal-
NAc4,6S. No correlation could be statistically identiﬁed be-
tween these alterations in CS ﬁne structure and the duration
of load-free period chosen. Loading did not affect the length
of CS chains (data not shown). Reducing the length of the
load-free period from 1000 to 10 s increased the maximum
strain of cartilage explants from 21.6 7.2 to 25.8 3.0.
Continuous monitoring of the maximum compression of ex-
plants, as done in every experiments, revealed that after 8 h
of loading no further increase in maximum compression oc-
curred. Furthermore, the standard deviations reported here
and below are in the range of 7%, indicating that all
loaded specimens, being initially 0.51 0.08 mm (N¼ 42)
thick, are compressed to a similar degree.
Decreasing the applied magnitude of compressive load
from 1.0 to 0.1 MPa signiﬁcantly changed the proportion
of sulfated internal disaccharides with disaccharides being
more 6-sulfated and concomitantly less 4-sulfated (Fig. 4).
In addition, less CS chains terminating on galNAc4,6Swere produced (Fig. 4). Again, no linear or nonlinear corre-
lation could be statistically identiﬁed between these alter-
ations and the magnitude of load being applied. Newly
synthesized CS chains were neither elongated nor short-
ened during loading (data not shown). The degree of com-
pression of loaded specimens, as determined after 8 h
of loading, was elevated nonlinearly from 12.0 4.7%
to 25.6 5.2% due to the increase in maximum pressure
applied from 0.1 to 1.0 MPa.
Increasing the total time of experiments from 1 to 6 days
similarly and signiﬁcantly altered the sulfation pattern of in-
ternal disaccharides (Fig. 5). However, no change in the
proportion of the CS chain termini galNAc4,6S (Fig. 5) nor
in the length of CS chains (data not shown) could be de-
tected. Also, statistical analysis did not reveal any correla-
tion between these changes in CS ﬁne structure and the
total duration of loading. After 1 day of loading the maximum
compression reached 25.8 5.4% and remained constant
with values being in the range of 26.7 5.0% after 6 days.Fig. 4. Effect of different stress levels on the percentage of the internal disaccharides DDi4S and DDi6S as well as on the abundance of gal-
NAc4,6S termini on CS chains that were newly synthesized by loaded cartilage explants; data are expressed as percentage of unloaded con-
trols (¼100%). Using a 0.5 Hz frequency and a sinusoidal waveform, a maximum pressure ranging from 0.1 to 1.0 MPa was cyclically applied
on cartilage discs for 10 s followed by a period of unloading lasting 1000 s. Explants were intermittently loaded for 3 days [see also Fig. 1(B)].
Data shown are mean values S.D. (N ¼ 6). Statistically signiﬁcant differences from unloaded control values are given as follows:
*0.01<P 0.05.
1407Osteoarthritis and Cartilage Vol. 15, No. 12Fig. 5. Effect of the duration of loading on the percentage of the internal disaccharides DDi4S and DDi6S as well as on the abundance of
galNAc4,6S termini on CS chains that were newly synthesized by loaded cartilage explants; data are expressed as percentage of unloaded
controls (¼100%). Using a 0.5 Hz frequency and a sinusoidal waveform, a pressure of 0.5 MPa was cyclically applied on cartilage discs for
10 s followed by a period of unloading lasting 1000 s. Explants were intermittently loaded for 1e6 days [see also Fig. 1(C)]. Data shown are
mean values S.D. (N¼ 6). Statistically signiﬁcant differences from unloaded control values are given as follows: *0.01<P 0.05.Discussion
The ability of articular cartilage to provide frictionless
movement and simultaneously withstand high demanding,
mechanical compressive loads is related to the unique ex-
tracellular matrix. However, the composition of this matrix
depends on the anatomical position within a joint and is al-
tered due to age, disease, and mechanical compression. In-
deed, we already showed that cartilage explants subjected
to continuously36,38,43,44 or intermittently35,37,44e48 applied
cyclic compressive forces exhibit altered rates of extracellu-
lar matrix synthesis and catabolism. Since we previously re-
ported that the frequency of intermittent loading applied for
6 days is an important mechanical parameter inﬂuencing
the sulfation pattern of CS35, the aim of the present study
was to assess whether these changes are also dependent
on the duration and magnitude of loads applied and
whether this frequency-dependency can also be detected
even after 3 days of loading. The results of the present
study show for the ﬁrst time that increasing the mechanical
demands on cartilage explants by elevating either the dura-
tion or the frequency of loading can signiﬁcantly alter the
ﬁne structure of newly synthesized CS in that less chains
terminate on galNAc4,6S and, in that simultaneously the ra-
tio of the internal disaccharides DDi6S to DDi4S is in-
creased. Similar results were obtained with explants being
slightly mechanically challenged by low magnitudes of
loads.
The present study conﬁrms our previous ﬁnding35, that in-
termittent loading can signiﬁcantly reduce the 4,6-disulfation
of the non-reducing terminal galNAc residue. Plaas et al.4
reported that normal adult human articular cartilages pos-
sess a high content of galNAc4,6S chain termini whereas
in OA less than 40e50% were determined. This disulfated
terminus was also found to be low or even absent in normal
fetal and postnatal growth human knee cartilages8. Thus, it
would be tempting to speculate that chondrocytes superim-
posed to intermittent loading can produce CS chains typical
for OA or even fetal, respectively, growth chondrocytes.
However, this hypothesis is not supported when all of our
data are taken into account. For instance, those mechani-
cally challenged explants producing a low level of CS
chains terminating on galNAc4,6S also synthesized CS
chains with an increased amount of internal DDi6S and con-
comitantly decreased level of DDi4S. Beside this increasedratio of DDi6S to DDi4S, CS chains were not found to be
shortened or elongated. However, several studies reported
an age-related increase in the ratio of the internal 6- to 4-
sulfated disaccharides in human and equine articular carti-
lage3,10. In addition, a decrease in the average CS chain
size was observed between fetal and early postnatal ages
with a further decrease as growth cartilage is replaced by
adult cartilage8. In late stage OA, GAG chains also become
shorter4,49, or remain unchanged50.
Alternatively, one might speculate that cartilage explants
were abundantly substituted with newly synthesized CS
chains terminating on galNAc4,6S but that these were cat-
abolically removed into medium. However, we previously
found no increased loss of newly synthesized PGs from ex-
plants being intermittently compressed using the same
loading protocols37. As the ﬁnal step in the biosynthesis of
CS, the terminal galNAc 4,6-disulfation is catalyzed by
a 6-sulfotransferase with speciﬁcity to the galNAc4S ter-
mini. Thus it appears likely that intermittently applied loads
may have caused a reduced expression and activity of this
distinct non-reducing terminal galNAc4S-6-sulfotransfer-
ase7,8,51,52 so that less CS chains terminating with a disulfa-
ted residue were synthesized. Furthermore, this alteration in
enzyme expression and/or activity occurred independently
of the 6-sulfation of the internal disaccharides as supported
by our results reported previously35 as well as those of
Plaas et al.4 who found either an increased level of internal
DDi6S or no load- or OA-related changes in the internal sul-
fation pattern of CS chains. In this line, the studies of
Lauder et al.6,53 are noteworthy since they reported that
the sulfation pattern of the linkage region of CS chains de-
rived from human, bovine and equine articular cartilage is
independently regulated from the remainder of the chains.
Several studies reported an unchanged4,10,23 or a de-
creased DDi6S to DDi4S ratio11,19,21 in CS chains derived
from human4,11,19,21, canine23 or equine10 articular OA car-
tilage. Based on these contradictory results, our ﬁndings of
an increased DDi6S to DDi4S ratio of CS derived from ex-
plants being exposed to some loading protocols suggest
that no OA-like alterations were induced. The speciﬁc cellu-
lar mechanisms involved in these variations are not known,
but intermittent loading might have altered expression of
sulfotransferases involved in the sulfation of the internal
disaccharides.
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were only observed when the mechanical demands on car-
tilage explants were either high as mediated by a long dura-
tion and higher frequency of loading or low by exposing
explants to small mechanical load amplitudes. This in-
creased DDi6S to DDi4S ratio of internal disaccharides
was only seen in newly synthesized CS chains. No such
change was detected when endogenously existing, non-
radiolabeled CS chains were analyzed. Thus, using endog-
enously present CS as an internal control representing the
normal ratio of DDi6S to DDi4S in healthy bovine cartilage,
our above described observation indicates that explants ex-
posed to mechanical compression have a window of stress
in which they produce PGs with CS chains similar in ﬁne
structure to those found endogenously in healthy articular
cartilage. Such a physiological window of stress has been
proposed for a long time to exist in vivo, where chondrocytes
subjected to either too low or too high mechanical stress are
unable to maintain an adequate functional matrix54.
In conclusion, our results show for the ﬁrst time that inter-
mittent loading of articular cartilage explants can signiﬁcantly
alter the sulfation pattern of the terminal CS residues as well
as of the internal disaccharides. Further investigations are
needed to show whether the changes in CS ﬁne structure
are mediated by a load-induced alteration in the expression
and/or activity of speciﬁc sulfotransferases involved in the
sulfation of CS chains. Since an altered CS ﬁne structure
was only observed when the mechanical demands on carti-
lage explants were either high or low, our results indicate
that explants possess a window of stress in which they are
able to produce also a normal extracellular matrix.
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